Introduction {#sec1}
============

Epoxy syntactic foams (ESFs) are used in the manufacture of automobiles, aerospace, marine buoyancy blocks, and diving equipment on a large scale as low-density materials with high compressive strength.^[@ref1],[@ref2]^ In particular, ESF materials are widely used in oil and gas mining pipelines and in underwater unmanned vehicles.^[@ref3],[@ref4]^ In the sea, the deeper the water is, the more pressure the equipment should be able to withstand. However, ESFs not only need to withstand huge deepwater pressure but also provide sufficient buoyancy.^[@ref5],[@ref6]^ Buoyancy materials with better compressive strength and lower density are used more widely in the deep-sea environment.^[@ref7]^

Foams made from different raw materials can be divided into one-phase, two-phase, and multiphase foam materials.^[@ref8]−[@ref10]^ One-phase foam is mainly polymer foam. This kind of foam is prepared by the "chemical foaming method" to obtain low-density foam. One-phase foam can easily absorb water when immersed in water and cannot be used for a long time.^[@ref11]^ Although this kind of foam has a low density (0.2 g/cm^3^), it can only be applied in the shallow sea because of its poor compressive strength.^[@ref12]−[@ref18]^ Two-phase foam materials are mainly prepared by combining hollow microspheres with the EP-hardener system.^[@ref19]−[@ref21]^ Due to the high density of the EP-hardener system, the density of two-phase foam (0.6--0.9 g/cm^3^) is larger than that of one-phase foam materials. The main purpose of adding hollow microspheres is to reduce the density of two-phase foam. Hollow microspheres are mostly made of ceramic, polymer, and glass materials.^[@ref22]−[@ref29]^ The unique hollow spherical structure of hollow microspheres facilitates force transmission. Compared with other types of hollow microspheres, hollow glass microspheres (HGMS) have excellent properties of high compressive strength and low density. HGMS have been the core material in buoyancy materials applied widely in the deep-sea environment.^[@ref30]^ The addition of HGMS could improve the compressive strength of two-phase foam and reduce the density greatly, but it is unrealistic to rely on too much HGMS to reduce the density of two-phase foam. The volume fraction of HGMS that could be filled into the EP-hardener system is in the range of 0--70%.^[@ref31]−[@ref33]^ The addition of too much HGMS will make the viscosity of the EP-hardener--HGMS system too high. Many air bubbles will be formed during the curing process, causing a reduction in the compressive strength of two-phase foam. Due to the limitation of the addition of HGMS, the density of two-phase foam is rarely lower than 0.6 g/cm^3^.^[@ref34][@ref34]^ The addition of hollow epoxy macrospheres (HEMS) could further reduce the density of ESF, but the choice of reinforcing materials for HEMS is important. Previously, CF, HGMS, and calcium carbonate (CaCO~3~) were used as coating materials for reinforcing HEMS.^[@ref35]−[@ref38]^ The density of CaCO~3~ powder is large (2.5--2.7 g/cm^3^), which limits the buoyancy that ESF can provide. SS Samsudin used CaCO~3~-reinforced HEMS to prepare multiphase foam with the density of 0.57 g/cm^3^ and the compressive strength of 19.76 MPa.^[@ref39]^ It can be seen that CaCO~3~ powder is not the best choice to enhance the performance of HEMS. The density of CF (1.76 g/cm^3^) is lower than that of CaCO~3~ powder. The CF as a one-dimensional material can easily form a guiding structure inside composite materials, which is conducive to improve the overall compressive strength of the ESF. In the experiment, HEMS were reinforced with CF by the "rolling ball method" and the ESF was prepared by the "pouring method" and the "compression modeling method". Because of the simple preparation process, the pouring method is widely used in laboratory preparation of ESF. However, the EP-hardener--HGMS system has a certain viscosity, and air bubbles are easily formed during the pouring process. These bubbles weaken the compressive strength of the ESF but are beneficial to reduce the density of the ESF.^[@ref40],[@ref41]^

In the experiment, ESFs with different components were prepared by changing the stacking volume fraction, layer, and inner diameter of the CFR-HMES, and three kinds of HGMS were used to prepare ESFs. CFs with different meshes were used to reinforce the HEMS to study the effect of different kinds of CFs on the compressive strength of ESFs. CFs of 300 AW with different contents were innovatively added to the system, hoping that combining CFR-HEMS, HGMS, and CF can further improve the overall compressive strength of ESFs.

Results and Discussion {#sec2}
======================

Physical Property of CFR-HEMS {#sec2.1}
-----------------------------

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows nine kinds of CFR-HEMS with different inner diameters and layers. CFR-HEMS have a regular shape and smooth surface. The smooth surface greatly improves the binding ability of the matrix with CFR-HEMS, which has a great impact on the compressive strength of CFR-HEMS. The physical properties of ESF are also different due to the different inner diameters and layers of CFR-HEMS.

![Nine kinds of CFR-HEMS with different inner diameters and layers.](ao0c01744_0001){#fig1}

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the relationships between the diameter and density of 11 kinds of CFR-HEMS. Obviously, with the layers of CFR-HEMS increased, the quality and strength of CFR-HEMS increased significantly. According to [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a--c, it can be seen that the more the layers of CFR-HEMS, the larger is the wall thickness, which is beneficial to improving the compressive strength of CFR-HEMS and also ESF, but not conducive to reduce the density of ESF. The buoyancy of ESF is limited. According to the performance of ESF required for different marine environments, a suitable wall thickness must be selected. The relationship between its compressive strength and density should be balanced.

![Relationships between the diameter and density of CFR-HEMS: (a) inner diameter of CFR-HEMS is 7--8 mm; (b) inner diameter of CFR-HEMS is 9--10 mm; (c) inner diameter of CFR-HEMS is 11--12 mm; (d) wall thickness of CFR-HEMS is two layers; (e) meshes of CF are 30 AW, 100 AW, and 300 AW.](ao0c01744_0006){#fig2}

From the data of 60 groups of CFR-HEMS with 9--10 mm inner diameters and different layers, it can be seen that the CFR-HEMS in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b are divided into the following three regions:(1)CFR-HEMS-1 layer, 0.12--0.21 g/cm^3^ (diameter 9.2--10.3 mm);(2)CFR-HEMS-2 layers, 0.25--0.37 g/cm^3^ (diameter 9.8--11.0 mm); and(3)CFR-HEMS-3 layers, 0.43--0.58 g/cm^3^ (diameter 10.8--11.6 mm).

From the data, it can be seen that because the inner diameters of the CFR-HEMS are not the same, the particle sizes and the density of the CFR-HEMS keep changing. For CFR-HEMS, the inner diameter is 9--10 mm, and the average densities are calculated to be 0.159 g/cm^3^ (1 layer), 0.318 g/cm^3^ (2 layers), and 0.483 g/cm^3^ (3 layers). From the calculated data, it can be obtained that the average density of CFR-HEMS increases with the layers increasing. The average density of CFR-HEMS can be calculated by formula ([1](#ueq1){ref-type="disp-formula"})When the inner diameters of CFR-HEMS are 7--8 and 11--12 mm, the regulation of the density is roughly the same as when the inner diameter of CFR-HEMS is 9--10 mm. According to [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, when the inner diameter is 7--8 mm, the average densities are 0.190 g/cm^3^ (1 layer), 0.345 g/cm^3^ (2 layers), and 0.492 g/cm^3^ (3 layers). According to [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c, when the diameter is 11--12 mm, the average densities are 0.155 g/cm^3^ (1 layer), 0.327 g/cm^3^ (2 layers), and 0.466 g/cm^3^ (3 layers).

When the CFR-HEMS have different inner diameters and the same layers, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d, 180 samples of CFR-HEMS having inner diameters of 7--8, 9--10, and 11--12 mm are used. The data is evenly distributed in the three areas. When the inner diameter is the smallest (7--8 mm), the density of CFR-HEMS is the largest. The average densities of CFR-HEMS significantly decrease with the inner diameters increasing. The average density of CFR-HEMS with inner diameter 9--10 mm is reduced by about 8.56% compared to CFR-HEMS with inner diameter 7--8 mm. The average density of CFR-HEMS with inner diameter 11--12 mm is only reduced by about 0.22% compared to CFR-HEMS with inner diameter 9--10 mm, which also provides a relevant basis for reducing the density of ESFs.

In addition, 30 AW, 100 AW, and 300 AW CFs were used in the experiment to prepare two layers of CFR-HEMS with inner diameter 9--10 mm. It can be seen from [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e that although three distribution areas have overlapping areas, the average density of CFR-HEMS increases with the mesh size increasing. The average densities of three kinds of CFR-HEMS were 0.195 g/cm^3^ (30 AW), 0.246 g/cm^3^ (100 AW), and 0.318 g/cm^3^ (300 AW).

Although reducing the density of CFR-HEMS is beneficial to reduce the density of ESFs, the compressive strength of ESFs will be affected. In the following sections, ESFs made from different CFR-HEMS systems will be studied.

Physical Property of ESFs {#sec2.2}
-------------------------

By observing the macropicture inside the ESF in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, the structure of the ESF can be seen clearly, and the expanded polystyrene (EPS) beads shrank under a high-temperature environment. It can be seen from the yellow marks in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} that the diameters of the shrinkable EPS beads are only 1/4 times that of the original EPS beads, and the shrinkable EPS beads were attached to the inner wall of CFR-HEMS. From the red marks in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, the inner wall of CFR-HEMS is smooth and regular to be a round shape. The wall is tightly combined with the EP-hardener--HGMS system, which improves the compressive strength of ESFs. The addition of CFR-HEMS reduces the density of the EP-hardener--HGMS system to provide greater buoyancy for ESFs. By observing the blue mark in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, the EP-hardener--HGMS with great viscosity will form some air bubbles in the matrix during the stirring and pouring process. These holes of ESFs are likely to be considered as material defects. Because the holes have no reinforced CFs on the inner wall, they can withstand less pressure than CFR-HEMS. However, these air bubbles could reduce the density of ESFs. In addition, the cost of HGMS and EPS beads is not high and the amount of CF used in the preparation of the ESF is small, which is conducive to its mass production.

![Cross-section picture of ESF.](ao0c01744_0007){#fig3}

Influence of Stacking Volume Fraction of CFR-HEMS on the Compressive Properties of ESFs {#sec2.3}
---------------------------------------------------------------------------------------

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a shows the influence of the stacking volume fraction of CFR-HEMS on compressive strength of ESFs. The compressive strength without CFR-HEMS of ESF is 33.73 MPa. When the stacking volume fraction of CFR-HEMS is 20%, the compressive strength of ESF is 33.13 MPa. These two samples have higher compressive strengths than the other four samples, but their densities are also relatively large, which also limits their applications in the deep sea. As the stacking volume fraction of CFR-HEMS increases, their compressive strengths are 26.31 MPa (40%), 26.27 MPa (60%), 25.72 MPa (60%), and 24.95 MPa (90%). From the set of data, we can draw two conclusions.(a)As the stacking volume fraction of CFR-HEMS increases, the compressive strength of ESF gradually decreases. When the stacking volume fraction of CFR-HEMS reaches 40%, the compressive strength of ESF is significantly reduced, and its compressive strength is about 78% of the ESF without CFR-HEMS. This phenomenon indicates that in the case of achieving low density of ESF, the addition of 40% CFR-HEMS exceeds the optimal point to keep the ESF's compressive strength from breaking.(b)When the stacking volume fraction of CFR-HEMS is larger than 40%, the compressive strengths of ESFs are 78.0% (60% CFR-HEMS), 76.3% (80% CFR-HEMS), and 74.0% (90% CFR-HEMS) of the ESF without CFR-HEMS. These four data values show that when the stacking volume fraction of CFR-HEMS is larger than 40%, the compressive strength of ESF gradually decreases but the change tends to be gentle. The stacking volume fraction of CFR-HEMS is no longer the main reason for the change of the compressive strength. It is because as the stacking volume fraction of CFR-HEMS increases, CFR-HEMS gradually change from a chain structure to a network structure in the material. As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c, this phenomenon also prevents the compressive strength of ESF from breaking again.

![Influence of stacking volume fraction of CFR-HEMS on the (a) compressive properties and (b) densities of ESFs (the stacking volume fractions of the CFR-HEMS in the mold are 0, 20, 40, 60, 80, and 100%). (c) Dispersion model of CFR-HEMS in the EP-hardener--HGMS system (a, 20%; b, 40%; c, 90%). (d) Physical pictures of five samples with different volume fractions.](ao0c01744_0008){#fig4}

A smaller density means that ESFs can provide greater buoyancy in the deep sea. Under the condition that the compressive strength of ESFs is not significantly affected, the density of ESFs is smaller relatively, which is beneficial to the application of ESFs. This set of experiments proved that ESFs with 90% CFR-HEMS have a relatively low density (0.508 g/cm^3^) and can provide great compressive strength (24.95 MPa). Therefore, 90% CFR-HEMS should be the best choice for preparing ESFs.

Influence of Wall Thickness of CFR-HEMS on Compressive Properties of ESFs {#sec2.4}
-------------------------------------------------------------------------

The average density of CFR-HEMS increases significantly with the layers increasing, and the density of CFR-HEMS also affects the density of ESFs greatly. As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d, when the stacking volume fraction of CFR-HEMS is 90%, the densities of ESFs are 0.317 g/cm^3^ (0 layer), 0.403 g/cm^3^ (1 layer), 0.508 g/cm^3^ (2 layers), and 0.578 g/cm^3^ (3 layers). [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c shows that the compressive strengths of the four samples are 7.08 MPa (0 layer), 15.16 MPa (1 layer), 24.95 MPa (2 layers), and 30.56 MPa (3 layers). When the volume fractions of CFR-HEMS are 60 and 80%, the densities and compressive strengths are marked in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,b. The following conclusions can be drawn from the set of data.(a)When CFR-HEMS are not added, the density of ESFs is 0.586 g/cm^3^. Thus, the density of the EP-hardener--HGMS system is 0.586 g/cm^3^. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d shows that the density of ESFs prepared by three-layer CFR-HEMS is very close to that of ESFs without CFR-HEMS. This phenomenon indicates that the addition of three-layer CFR-HEMS cannot significantly reduce the density of ESFs. Compared with the compressive strength of ESFs without CFR-HEMS, ESFs prepared by three-layer CFR-HEMS almost show no improvement. Therefore, three-layer CFR-HEMS are not a good choice for preparing ESFs because of the relatively complex production process.(b)Under the same stacking volume fraction of CFR-HEMS, the compressive strength of ESFs increases with the layer of CFR-HEMS increasing. It can be seen from [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c that when the CFR-HEMS stacking volume fraction is 90%, the addition of CFR-HEMS with different layers makes the compressive strengths of ESF 1.14 times (1 layer), 2.52 times (2 layers), and 3.38 times (3 layers) times that of the ESF (0 layer). The reason for this phenomenon is that both CFR-HEMS and EP-hardener--HGMS are epoxy-based materials and the two systems are bonded tightly inside the material. The increase of wall thickness makes the structure more stable and CFR-HEMS cannot easily be damaged, so the increase of the layer is conducive to improve the overall compressive strength of ESFs.(c)As shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, when the stacking volume fractions of CFR-HEMS are 60, 80, and 90%, the growth rate of the compressive strength shows the same trend as the layers increase. The ratios made from adjacent layers decrease with the layer increasing and the ESFs have the same regulation when the stacking volume fractions of CFR-HEMS are 60 and 80%. The rolling ball method is beneficial to make the CF form the regular structure, which can be seen in the scanning electron microscope (SEM) image. This special structure improves the compressive strength of the one-layer CFR-HEMS compared to the EPS beads significantly, and the improvement is reduced when CFR-HEMS has two layers. With the layers increasing, we could see that the shape of the three-layer CFR-HEMS is not as regular as the one- and two-layer CFR-HEMS. Therefore, it can be seen that when CFR-HEMS have three layers, the growth rate of the compressive strength decreases significantly. When preparing deep-sea buoyancy materials, we need to weigh the density and compressive strength of ESFs according to the requirements of the equipment, so as to choose the appropriate layer of CFR-HEMS for preparation.

![Influence of wall thickness of CFR-HEMS on the compressive properties of the ESF (stacking volume fractions of CFR-HEMS in the mold are (a) 60%, (b) 80%, and (c) 90%). (d) Influence of wall thickness of CFR-HEMS on the densities of the ESF.](ao0c01744_0009){#fig5}

###### Increase Rate of Compressive Strength of ESFs

        1 layer/0 layer   2 layers/1 layer   3 layers/2 layers
  ----- ----------------- ------------------ -------------------
  60%   1.913             1.303              1.300
  80%   2.237             1.478              1.188
  90%   2.141             1.645              1.243

Influence of Inner Diameters of CFR-HEMS on the Compressive Properties of ESFs {#sec2.5}
------------------------------------------------------------------------------

As shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a, the compressive strength of ESFs is related not only to the stacking volume fraction and wall thickness of CFR-HEMS but also to the inner diameter of CFR-HEMS. In the experiment, the inner diameters of CFR-HEMS are 7--8, 9--10, and 11--12 mm. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b shows the densities of the ESF prepared by CFR-HEMS with different inner diameters, which are 0.520 g/cm^3^ (7--8 mm), 0.508 g/cm^3^ (9--10 mm), and 0.497 g/cm^3^ (11--12 mm). From this set of data, the following conclusions can be drawn.(a)As the inner diameter of CFR-HEMS increases, the average densities of CFR-HEMS will decrease. However, the densities of these kinds of two-layer CFR-HEMS are smaller than those of the EP-hardener--HGMS system (0.586 g/cm^3^); the addition of these kinds of CFR-HEMS is beneficial to reduce the density of ESFs.(b)Theoretically, as the particle size increases, the compressive strength of CFR-HEMS decreases, but it can be seen from [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a that the compressive strengths of ESFs are 24.06 MPa (7--8 mm) and 24.95 MPa (9--10 mm); the latter is smaller than the former. The cause of this phenomenon may be that when the particle size is smaller, the amount of CFR-HEMS with the same volume fraction that could be filled into the same area will be more. Much more bubbles are mixed during the preparation, which may be the reason for weakening the compressive strength of the former ESF.(c)It can be seen from [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a that the ESF made of CFR-HEMS with inner diameter 11--12 mm has a lower density and could provide larger buoyancy relatively. However, compressive strength and density are two opposing properties in ESFs. As shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a, the ESF made of CFR-HEMS with inner diameter 9--10 mm can work at about 2495 m in the deep sea, while the ESF made of CFR-HEMS with inner diameter 11--12 mm can only work at about 2170 m in the deep sea.

![Influence of the inner diameters of CFR-HEMS on the (a) compressive properties and (b) densities of ESFs (the inner diameters of CFR-HEMS are 7--8, 9--10, and 11--12 mm).](ao0c01744_0010){#fig6}

Influence of HGMS Content in the EP-Hardener System on the Compressive Properties of ESFs {#sec2.6}
-----------------------------------------------------------------------------------------

As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, the EP-hardener--HGMS system was first destroyed and the spherical wall of CFR-HEMS remained intact under pressure. The performance of ESFs is also related to the EP-hardener--HGMS system. As shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a, when the stacking volume fraction of CFR-HEMS is 90%, the compressive strengths of ESFs made from different HGMS contents are 19.52 MPa (40%), 20.23 MPa (50%), 24.95 MPa (60%), 15.89 MPa (70%), and 13.74 MPa (75%). From this set of data, it can be seen that the compressive strength of ESFs will first increase and then decrease with the increase of the HGMS content.

![Influence of HGMS content in the EP-hardener system on the (a) compressive properties and (b) densities of ESFs. (c) Physical pictures of two samples with different HGMS contents.](ao0c01744_0011){#fig7}

When the HGMS content is relatively low, the reasons for the decrease in the compressive strength are as follows. (a) The increase in HGMS content promotes the compressive strength of the EP-hardener--HGMS system to increase. As a result, the compressive strength of the ESF is improved. (b) As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d, CFR-HEMS will rise in the EP-hardener--HGMS system. As the HGMS content increases, the density of the system is reduced and the viscosity of the system is increased. The rising situation of the CFR-HEMS will be relieved. The distribution of CFR-HEMS in the ESF is more uniform, which improves the compressive strength of the ESF.

However, it does not mean that a higher mass fraction of HGMS is better. When the HGMS contents were 70 and 75%, the compressive strengths of the ESF decreased significantly. The reasons for the phenomenon are as follows. (a) The maximum HGMS content that can be added into the EP-hardener system is 60--70%. During the preparation, when the HGMS content is too large, the HGMS and the EP-hardener system cannot be fully mixed, which leads to the distribution of the HGMS in the EP-hardener being uneven. This kind of ESF is more vulnerable to damage under stress. (b) Excessive HGMS filling greatly reduces the fluidity of the EP-hardener--HGMS system and the difficulty of adding CFR-HEMS is greatly improved. The precured samples exceed the height of the mold, which causes the CFR-HEMS to suffer damage. (c) As shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c, when the HGMS content is too large, some parts of the surface of CFR-HEMS are completely exposed outside of the EP-hardener--HGMS system. The viscosity of the EP-hardener--HGMS system is too large, which leads to the poor binding between the two parts of the ESF.

As shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b, the densities of the five samples are 0.563 g/cm^3^ (40%), 0.518 g/cm^3^ (50%), 0.508 g/cm^3^ (60%), 0.437 g/cm^3^ (70%), and 0.429 g/cm^3^ (75%). As the volume fraction of HGMS increases, the density of the ESF decreases. For ESF materials, it cannot completely rely on the increase of the HGMS content to reduce the density of the buoyant materials, and the influence on the compressive strength should be considered. In the experiment, 60% HGMS is the best choice for preparing the high-strength ESF.

Influence of HGMS Types in the EP-Hardener System on the Compressive Properties of ESFs {#sec2.7}
---------------------------------------------------------------------------------------

According to the needs of different products, the HGMS used for preparing the ESF are different. In the experiment, three kinds of HGMS (K1, S32, S38HS) were used. Because the particle size and volume fraction of HGMS used in the experiment are almost the same, the surface contacts between HGMS and the EP-hardener system among the three samples are roughly the same. The difference in the compressive strength of the ESF made in this group is mainly due to the difference in the compressive strength of HGMS themselves. The compressive strength regulation of HGMS is K1 \< S32 \< S38HS. As shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a, the compressive strengths of ESFs made of K1, S32, and S38HS are 11.36, 19.72, and 24.95 MPa, which shows the same trend as the compressive strength of HGMS. In the selection of raw materials, the choice of HGMS type has a great influence on the compressive strength of the ESF. When the ESF is used in deeper waters, S38HS should be selected as the raw material so that it can withstand a larger water pressure relatively.

![Influence of HGMS types in the EP-hardener system on the (a) compressive strengths and (b) densities of ESFs.](ao0c01744_0012){#fig8}

From [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b, it can be seen that the densities of the ESF made by K1, S32, and S38HS were 0.434, 0.454, and 0.508 g/cm^3^, respectively. The ESF made of S38HS has a higher compressive strength (24.95 MPa) but a higher density (0.508 g/cm^3^) relatively. For deep-sea equipment, low density is a necessary factor. The decrease in density also means a reduction in the compressive strength.

Influence of CF Types of CFR-HEMS on the Compressive Properties of ESF {#sec2.8}
----------------------------------------------------------------------

As shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b, the densities of ESFs made from CFR-HEMS prepared by 30 AW, 100 AW, and 300 AW CF are 0.427, 0.462, and 0.508 g/cm^3^, respectively. The density of the CF is about 1.76 g/cm^3^, and the wire diameter is about 7 μm. CFs with different meshes have different aspect ratios, which are about 70:1 (30 AW), 14:1 (100 AW), and 6:1 (300 AW). From [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}c, it can be seen that as the mesh size increases, the wall of CFR-HEMS becomes denser. The dense and smooth coating improved the compressive strength of both CFR-HEMS and the ESF. The ESF prepared by 300 AW CF has the highest compressive strength (24.95 MPa) among the three samples ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}).

![Influence of CF types of CFR-HEMS on the (a) compressive properties and (b) densities of ESFs. (c) Models of HEMS reinforced by the CF with different meshes.](ao0c01744_0013){#fig9}

![Influence of the CF content in EP-hardener--HGMS on the (a) compressive properties and (b) densities of ESFs.](ao0c01744_0002){#fig10}

Influence of CF Content in EP-Hardener--HGMS on the Compressive Properties of ESF {#sec2.9}
---------------------------------------------------------------------------------

In the experiment, 1, 3, 5, 7, and 9% CFs were added to the EP-hardener--HGMS system to prepare the CF-reinforced EP-hardener--HGMS system (CF-R-epoxy). There is no significant change in the density of the ESF, which is similar to the density of the ESF without CF added to the matrix. Therefore, it can be seen that the addition of CF with a lower mass fraction in the matrix has a little effect on the density of the ESF. The compressive strength of the ESF without CF in the EP-hardener--HGMS system is 24.95 MPa. When the CF contents in the matrix are 1, 3, 5, 7, and 9%, the compressive strengths of the ESF are 26.21, 26.63, 25.43, 26.73, and 25.72 MPa, respectively. It can be seen from the SEM image that the CF distribution is relatively thin, and the content of CF added into the matrix is not large enough to make the CF form the special structure. However, the addition of CF improves the performance of the EP-hardener system. From this set of data, it can be seen that when CF is added to the EP-hardener--HGMS system, the compressive strength could be improved. The compressive strength of the ESF fluctuates with the increase of the CF content. Among the five samples, when the mass fraction of the CF is 7%, the compressive strength improvement of the ESF is obvious relatively and the compressive strength is 7.13% higher than that of the ESF without CF in the EP-hardener--HGMS system.

SEM Image of the Multiphase ESF {#sec2.10}
-------------------------------

By observing the compressed ESF in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, the EP-hardener--HGMS system and CFR-HEMS are still found to be closely combined at the destruction site and the main cause of ESF fragmentation is the fracture of the matrix. As shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}a, the wall thickness of CFR-HEMS is about 505 μm, and there is no gap between the EP-hardener--HGMS system and CFR-HEMS. The spherical wall composed of the CF and the EP-hardener system is very uniform, which makes CFR-HEMS more conducive to force transmission and increases the overall compressive strength of the ESF.

![Digital images of the (a) three parts of the ESF, (b) CF in the sphere wall of CFR-HEMS, and (c) CF in the EP-hardener--HGMS system.](ao0c01744_0003){#fig11}

The CFs in the spherical wall of the CFR-HEMS formed by the rolling ball method are uniform and dense. The orientation of CFs is mostly on the tangent plane with the spherical wall, and there are almost no CFs in the direction of the CFR-HEMS diameter, which is more conducive to the force transmission of CFR-HEMS and the ESF. [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}b shows the dispersion diagram of carbon fiber in the spherical wall of CFR-HEMS. The forces (centrifugal force and pressure) can also make the carbon fibers form a CF network throughout the macrosphere epoxy matrix, and the fibers are held together by force. When the macrospheres were used in the ESF, the structure of the CF network can make the macrospheres have great compressive strength. When ESFs are used in deepwater oil exploration, they are under enormous water pressure from all directions. The pressure can transfer through the carbon fiber network of the macrosphere, so most of the forces can be offset. Only a very small force transfers along the axial direction (*z*-direction), so tremendous pressure is needed to destroy the macrosphere. [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}c shows the SEM image of the CF in the EP-hardener--HGMS system. It can be seen from [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}c that the CF is connected to the matrix tightly, which promoted the improvement of the compressive strength of the ESF to some extent.

Conclusions {#sec3}
===========

(a)From the present study, we can see that as the stacking volume fraction of CFR-HEMS increases, the compressive strength of the ESF gradually decreases. The ESF with 90% CFR-HEMS has a low density (0.508 g/cm^3^) relatively and can provide great compressive strength (24.95 MPa). For achieving the lowest density of ESF, 90% CFR-HEMS should be the best choice for preparing the ESF.(b)The compressive strength of the ESF increases with the layer of CFR-HEMS increasing under the same stacking volume fraction. However, when CFR-HEMS have three layers, the densities of the ESF cannot be reduced significantly and the compressive strengths almost have no improvement. This phenomenon indicates that the addition of three-layer CFR-HEMS is not a good choice for preparing the ESF.(c)When CFR-HEMS have two layers, the ESF prepared by CFR-HEMS with inner diameter 9--10 mm has the highest compressive strength (24.95 MPa) and the ESF prepared by CFR-HEMS with inner diameter 11--12 mm has the lowest density (0.497 g/cm^3^). Therefore, we need to choose the better CFR-HEMS for preparing the ESF according to the ESF required by different deep-sea equipment.(d)The compressive strengths of the ESF made from different HGMS contents are 19.52 MPa (40%), 20.23 MPa (50%), 24.95 MPa (60%), 15.89 MPa (70%), and 13.74 MPa (75%). The compressive strength of the ESF will first increase and then decrease with the increase of the HGMS content. In the experiment, 60% HGMS is the best choice for preparing the high-strength ESF.(e)The densities of ESFs made by K1, S32, and S38HS were 0.434, 0.454, and 0.508 g/cm^3^. The ESFs prepared by S38HS has the highest compressive strength (24.95 MPa) among the three kinds of ESFs.(f)The densities of ESFs made from CFR-HEMS prepared by 30 AW, 100 AW, and 300 AW CF are 0.427, 0.462, and 0.508 g/cm^3^, respectively. Although using 300 AW CF to prepare CFR-HEMS makes the density of ESF higher than the other two samples, this kind of ESF has the highest compressive strength (24.95 MPa).(g)In this experiment, 1, 3, 5, 7, and 9% CFs were added to the EP-hardener--HGMS system. When the mass fraction of the CF is 7%, the compressive strength improvement of the ESF is the highest and the compressive strength (26.73 MPa) is 7.13% higher than that of the ESF without CF in the EP-hardener--HGMS system. We can see from these five samples that adding CF into the EP-hardener--HGMS system could keep the density almost unchanged and improve the compressive strength to some extent.

Experimental Section {#sec4}
====================

Materials {#sec4.1}
---------

The resin used for the experiment was an EPOLAM 2070 resin. EPOLAM 2070 is an amber epoxy resin. The Brockfield viscosity and density of the resin are 2800 mPa·s and 1.17 g/cm^3^ at 25 °C, respectively. The color of the curing agent is dark amber. Both of the resin and the curing agent are manufactured by AXSON Technologies Shanghai Co. Ltd, China.

K1, S32, and S38HS used for preparing the EP-hardener--HGMS are three kinds of white HGMS. The densities of the three kinds of HGMS are 0.15 g/cm^3^ (K1), 0.32 g/cm^3^ (S32), and 0.38 g/cm^3^ (S38HS). Their compressive strengths are 1.72, 13.78, and 37.90 MPa, respectively. The three kinds of HGMS are all manufactured by Minnesota Mining and manufacturing (3 M company).

The EPS beads selected for the study are produced by Hangzhou Hangchao Packaging Materials Co. Ltd, China. The density of the EPS beads is about 10 kg/m^3^.

The CF used for preparing the CFR-HEMS and adding into the EP-hardener--HGMS system is manufactured by Nanjing Weida Composite Materials Co. Ltd., China. The density of the CF is about 1.76 g/cm^3^, and the wire diameter is about 7 μm.

Preparation of CF-Reinforced Hollow Epoxy Macrosphere Systems (CFR-HEMS) {#sec4.2}
------------------------------------------------------------------------

CFR-HEMS was prepared by the rolling ball method. The preparation process is as follows.

Three parts of epoxy resin and one part of curing agent were measured into a defoaming mixer and stirred fully to form the EP-hardener system. A certain amount of EPS beads was weighed out and poured into the defoaming mixer, and the mixture was fully stirred at the same speed. After the EPS bead surfaces were evenly covered by the EP-hardener system, the coated EPS beads were poured into a rotating ball machine. The CF powder was sprinkled over the coated EPS beads in the machine. When the surface of the beads was completely covered with CF powder, the excess powder on the surface was separated. The coated EPS beads were poured into a tray and then put into a 50 °C oven. The preparation process of one-layer CFR-HEMS was considered completed after the epoxy resin was cured completely. According to the same step, one-layer CFR-HEMS were poured into the EP-hardener system and the CF powder was sprinkled over the coated CFR-HEMS to prepare two- and three-layer CFR-HEMS ([Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}).

![Preparation process of CFR-HEMS.](ao0c01744_0004){#fig12}

Preparation of Multiphase ESFs {#sec4.3}
------------------------------

Multiphase ESFs were prepared by the pouring method and the compression modeling method. The preparation process is as follows.

Three parts of epoxy resin and one part of curing agent were measured and stirred well. HGMS with the volume fraction of 60% were added to the EP-hardener system and then CFR-HEMS were mixed into the EP-hardener--HGMS system. If the stirring speed is too fast, the EP-hardener--HGMS system will become more porous. After the CFR-HEMS were evenly distributed in the EP-hardener--HGMS system, the mixture was poured into a mold coated with a release agent. The CFR-HEMS should be poured into the mold completely, and the composite was placed into a hot press to cure at 100 °C for 1 h and then in a cold press for 15 min. The preparation of the multiphase ESF was considered completed after the epoxy resin was cured completely ([Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}).

![Preparation process of multiphase ESF.](ao0c01744_0005){#fig13}

Preparation of ESFs Filled with CFR-HEMS with Different Stacking Volume Fractions {#sec4.4}
---------------------------------------------------------------------------------

To study the effect of stacking volume fractions of CFR-HEMS on the mechanical properties and density of ESFs, CFR-HEMS of different volume fractions were weighed and added to the EP-hardener--HGMS system. The stacking volume fraction of CFR-HEMS filled into the mold completely is 100%. Although there are holes in the group of CFR-HEMS, it is difficult to mix 100% CFR-HEMS with the EP-hardener--HGMS system into the mold. For the feasibility of the experiment, 0, 20, 40, 60, 80, and 90% CFR-HEMS were measured and added into the EP-hardener--HGMS system. [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} shows six samples of ESF filled with CFR-HEMS with different stacking volume fractions.

###### Six Samples of ESFs Filled with CFR-HEMS of Different Stacking Volume Fractions

      stacking volume fractions of CFR-HEMS (%)   wall thicknesses of CFR-HEMS (layers)   inner diameters of CFR-HEMS (\[mm)   HGMS contents (%)   HGMS types of CFR-HEMS   HGMS types of CFR-HEMS   CF contents in HGMS-EP
  --- ------------------------------------------- --------------------------------------- ------------------------------------ ------------------- ------------------------ ------------------------ ------------------------
  1   0                                                                                   9--10                                60                  S38HS                    300 AW                   0
  2   20                                          2                                       9--10                                60                  S38HS                    300 AW                   0
  3   40                                          2                                       9--10                                60                  S38HS                    300 AW                   0
  4   60                                          2                                       9--10                                60                  S38HS                    300 AW                   0
  5   80                                          2                                       9--10                                60                  S38HS                    300 AW                   0
  6   90                                          2                                       9--10                                60                  S38HS                    300 AW                   0

Preparation of ESFs Filled with CFR-HEMS of Different Wall Thicknesses {#sec4.5}
----------------------------------------------------------------------

CFR-HEMS with different layers will affect the compressive strength and density of CFR-HEMS. To study the effect of CFR-HEMS with different wall thicknesses on the properties of ESFs, 90% CFR-HEMS with 0--3 layers were measured and were mixed with the EP-hardener--HGMS system. [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} shows four samples of ESFs filled with CFR-HEMS with different wall thicknesses.

###### Four Samples of ESFs Filled with Different Wall Thickness CFR-HEMS

      stacking volume fractions of CFR-HEMS   wall thicknesses of CFR-HEMS (layers)   inner diameters of CFR-HEMS (mm)   HGMS contents (%)   HGMS types of CFR-HEMS   HGMS types of CFR-HEMS   CF contents in HGMS-EP
  --- --------------------------------------- --------------------------------------- ---------------------------------- ------------------- ------------------------ ------------------------ ------------------------
  1   60%/80%/90%                             0                                       9--10                              60                  S38HS                    300 AW                   0
  2   60%/80%/90%                             1                                       9--10                              60                  S38HS                    300 AW                   0
  3   60%/80%/90%                             2                                       9--10                              60                  S38HS                    300 AW                   0
  4   60%/80%/90%                             3                                       9--10                              60                  S38HS                    300 AW                   0

Preparation of ESFs Filled with CFR-HEMS with Different Inner Diameters {#sec4.6}
-----------------------------------------------------------------------

To study the effect of CFR-HEMS with different inner diameters on ESFs, CFR-HEMS with inner diameters of 7--8, 9--10, and 11--12 mm were added to the EP-hardener--HGMS system. Table 4 shows four samples of ESFs filled with CFR-HEMS with different inner diameters ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}).

###### Three Samples of ESFs Filled with CFR-HEMS with Different Inner Diameters

      stacking volume fractions of CFR-HEMS (%)   wall thicknesses of CFR-HEMS (layers)   inner diameters of CFR-HEMS (mm)   HGMS contents (%)   HGMS types of CFR-HEMS   HGMS types of CFR-HEMS   CF contents in HGMS-EP
  --- ------------------------------------------- --------------------------------------- ---------------------------------- ------------------- ------------------------ ------------------------ ------------------------
  1   60                                          2                                       7--8                               60                  S38HS                    300 AW                   0
  2   60                                          2                                       9--10                              60                  S38HS                    300 AW                   0
  3   60                                          2                                       11--12                             60                  S38HS                    300 AW                   0

Preparation of ESFs with Different HGMS Volume Fractions and Types {#sec4.7}
------------------------------------------------------------------

Volume fractions and types of HGMS determine the viscosity of the EP-hardener--HGMS system and affect the curing of the EP-hardener--HGMS system. To study the density and compressive strength of ESFs with different contents of HGMS, five sample volume fractions of HGMS of 40, 50, 60, 70, and 75% were prepared. In addition, three kinds of HGMS K1 (0.125 g/cm^3^), S32 (0.32 g/cm^3^), and S38HS (0.38 g/cm^3^) were mixed with EP-hardener to prepare three samples. [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"} shows five samples of ESFs with different contents of HGMS, and [Table [6](#tbl6){ref-type="other"}](#tbl6){ref-type="other"} shows three samples of ESFs with different kinds of HGMS.

###### Five Samples of ESFs Filled with the HGMS-EP System with Different HGMS Contents

      stacking volume fractions of CFR-HEMS (%)   wall thicknesses of CFR-HEMS (layers)   inner diameters of CFR-HEMS (mm)   HGMS contents (%)   HGMS types of CFR-HEMS   HGMS types of CFR-HEMS   CF contents in HGMS-EP
  --- ------------------------------------------- --------------------------------------- ---------------------------------- ------------------- ------------------------ ------------------------ ------------------------
  1   90                                          2                                       9--10                              40                  S38HS                    300 AW                   0
  2   90                                          2                                       9--10                              50                  S38HS                    300 AW                   0
  3   90                                          2                                       9--10                              60                  S38HS                    300 AW                   0
  4   90                                          2                                       9--10                              70                  S38HS                    300 AW                   0
  5   90                                          2                                       9--10                              75                  S38HS                    300 AW                   0

###### Three Samples of ESFs Filled with the HGMS-EP System with Different HGMS Types

      stacking volume fractions of CFR-HEMS (%)   wall thicknesses of CFR-HEMS (layers)   inner diameters of CFR-HEMS (mm)   HGMS contents (%)   HGMS types of CFR-HEMS   HGMS types of CFR-HEMS   CF contents in HGMS-EP
  --- ------------------------------------------- --------------------------------------- ---------------------------------- ------------------- ------------------------ ------------------------ ------------------------
  1   60                                          2                                       9--10                              60                  K1                       30 AW                    0
  2   60                                          2                                       9--10                              60                  S32                      300 AW                   0
  3   60                                          2                                       9--10                              60                  S38HS                    300 AW                   0

Preparation of ESFs Filled with HEMS Reinforced by CFs of Different Meshes {#sec4.8}
--------------------------------------------------------------------------

The above ESFs were all prepared with 300 AW CF. To study the effect of CFs of different meshes on the overall performance of ESFs, 30 AW, 100 AW, and 300 AW CFs were selected to reinforce the HEMS. Then, 90% CFR-HEMS prepared by three kinds of CFs were filled into the EP-hardener--HGMS system to prepare three samples. [Table [7](#tbl7){ref-type="other"}](#tbl7){ref-type="other"} shows three samples of ESFs filled with HEMS reinforced by CFs of different meshes.

###### Three Samples of ESFs Filled with HEMS Reinforced by CFs of Different Meshes

      stacking volume fractions of CFR-HEMS (%)   wall thicknesses of CFR-HEMS (layers)   inner diameters of CFR-HEMS (mm)   HGMS contents (%)   HGMS types of CFR-HEMS   HGMS types of CFR-HEMS   CF contents in HGMS-EP
  --- ------------------------------------------- --------------------------------------- ---------------------------------- ------------------- ------------------------ ------------------------ ------------------------
  1   60                                          2                                       9--10                              60                  S38HS                    30 AW                    0
  2   60                                          2                                       9--10                              60                  S38HS                    100 AW                   0
  3   60                                          2                                       9--10                              60                  S38HS                    300 AW                   0

Preparation of ESFs Reinforced by Adding 300 AW CFs of Different Qualities into the EP-Hardener--HGMS System {#sec4.9}
------------------------------------------------------------------------------------------------------------

To study whether adding CFs into the EP-hardener--HGMS system affects the compressive strength of ESFs, 300 AW CFs with 1, 3, 5, 7, and 9% of HGMS quality were measured. Then, 300 AW CFs of different qualities were added into the EP-hardener--HGMS system. [Table [8](#tbl8){ref-type="other"}](#tbl8){ref-type="other"} shows five samples of ESFs reinforced by adding CFs of different qualities into the EP-hardener--HGMS system.

###### Five Samples of ESFs Reinforced by Adding CFs of Different Qualities into the HGMS-EP System

      stacking volume fractions of CFR-HEMS (%)   wall thicknesses of CFR-HEMS (layers)   inner diameters of CFR-HEMS (mm)   HGMS contents (%)   HGMS types of CFR-HEMS   HGMS types of CFR-HEMS   CF contents in HGMS-EP (%)
  --- ------------------------------------------- --------------------------------------- ---------------------------------- ------------------- ------------------------ ------------------------ ----------------------------
  1   90                                          2                                       9--10                              60                  S38HS                    300 AW                   1
  2   90                                          2                                       9--10                              60                  S38HS                    300 AW                   3
  3   90                                          2                                       9--10                              60                  S38HS                    300 AW                   5
  4   90                                          2                                       9--10                              60                  S38HS                    300 AW                   7
  5   90                                          2                                       9--10                              60                  S38HS                    300 AW                   9

Characterization Methods {#sec4.10}
------------------------

To avoid accidental measurement data, 60 samples of each kind of CFR-HEMS were selected for measurement. A digital Vernier caliper (SHAHE, Ningbo KECHENG Instrument Co. Ltd., China) (accuracy of 0.01 mm) and a digital analytical balance (FA1106, Biuged Laboratory Instruments (Guangzhou) Co. Ltd., China) (accuracy of 0.001 g) were used to measure the diameter and the mass of CFR-HEMS, respectively. A digital analytical balance (accuracy of 0.001 g) was selected to measure the quality of ESFs. The specifications of the mold for the preparation of ESFs are consistent at Ø70 mm × 65 mm, H60 mm. The volumes of ESFs prepared in the experiment are all 199 cm^3^.

The compressive properties of ESFs were tested by an electronic universal testing machine (CMT5350, Shenzhen Suns Technology Co. Ltd., China). This experiment used GB/T16491--2008 as the standard.

Scanning electron microscopy (SEM) (JEM-4701, JEOL, Japan) was used to observe the spherical wall of CFR-HEMS, the binding of CFR-HEMS with EP-hardener--HGMS, and the distribution of CF in the EP-hardener--HGMS system. The sample to be measured must be relatively thin and sprayed with gold to make it highly conductive and easy to observe.
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